Methods have been developed for the selective measurement of occupied estrogen receptors (ER) in brain tissue sections.
Regional measurement of occupied receptors in individual neural structures remains a difficult proposition, in view of the small amounts of tissue involved, the low concentrations of receptors present in comparison with other steroid target organs, and difficulties in quantitatively recovering receptor complexes after subcellular fractionation (MacLusky et al., 1990) . Therefore, the extent to which normal circulating levels of hormonal steroids impact on the receptor systems present in different regions of the brain remains poorly understood.
Previous work from this laboratory has characterized cell nuclear exchange assays capable of measuring of occupied estrogen receptors (ER) in individual microdissected regions of the brain (MacLusky et al., 1990; Kranzler et al., 1984) . In these assays, after subcellular fractionation of the tissue hormone-bound receptors are extracted and incubated with radiolabeled estrogen under conditions favoring exchange between the radioactive ligand and the endogenous unlabeled hormone. Levels of occupied receptors can then be estimated from the amount of radioactivity present in the extracts after the separation of bound and free steroid. Although these methods can provide reliable estimates of bound nuclear estrogen receptors, they remain difficult in several respects. Most important, they are critically dependent on precise microdissection 1279 of the brain regions of interest and on being able to obtain sufficient tissue to allow reliable assays to be performed (Machsky et al., 1990) . Even under optimal conditions it is difficult to measure receptor occupation resulting from physiological levels of circulating gonadal steroids in microdissected brain regions, and more detailed information about the binding characteristics (equilibrium binding affinity, binding capacity) of the receptors can be obtained only by pooling tissues from relatively large numbers of animals (Brown et al., 1988) . In some regions of the brain, precise dissection is essentially impossible because the structures involved are too diffuse and/or irregularly shaped to enable them to be delineated reproducibly under a dissecting microscope. Moreover, even where microdissection techniques can defiie the boundaries of a cell group reasonably accurately, this level of resolution may be inadequate to enable correlations to be made between receptor occupation and behavioral or neuroendocrine responses. For example, recent studies of the effects of intracerebral estradiol implants suggest that stimulation of only a relatively small number of estrogen target cells in the rostral part of the ventromedial nucleus (VMN) of the hypothalamus may be sufficient to induce sexual behavior in female rodents (Delville and Blaustein, 1991; Pleim et al., 1989) . Previous microdissection-based ER assays have, however, lacked the sensitivity necessary to measure receptor concentrations in subdivisions of the VMN. Therefore, receptor occupation studies have been based on the entire VMN, including both the ER-rich ventrolateral subdivision and the relatively ER-poor medial and dorsal portions of the nucleus. Such tissue samples necessarily include large numbers of cells that may play little or no part in controlling sexual behavior and which serve only to dilute measurements of cell nuclear ER in this region.
During the course of studies aimed at improving procedures for nuclear ER exchange assay in the brain, we observed that measurements of nuclear-occupied receptor could be made using crude cell nuclear fractions, so long as the ratio of incubation buffer to tissue was high enough to dilute out soluble tissue constituents which otherwise degrade the receptors during incubation with the labeled ligand (Machsky et al., 1990) . From these observations, we hypothesized that it might be possible to perform ER exchange assays directly on thin frozen sections of brain tissue in which mild tissue disruption and elution ofthe cytosolic components is achieved by freezing and subsequent exposure to low-ionic-strength buffers. Under these circumstances, we reasoned that the relatively loosely bound (Martin and Sheriden, 1982; Clark et al., 1982a) unoccupied receptors should be readily eluted from the sections, leaving the tightly nuclear-bound occupied ER behind for subsequent exchangelabeling in situ. The present studies demonstrate that this, in fact, is the case. With this approach, levels of in vivo ER occupation can be assessed in the brain by densitometric analysis of autoradiographs prepared from the labeled tissue sections.
Materials and Methods
Materials. 11PMetho~y-16a-['~~I]-iodo-estradiol (MIE2; specific activity 2000-2200 Cilmmol) was synthesized as described previously (Zielinski et al., 1986) . 16a-['251]Iodo-estradiol (specific activity 2200 Cilmmol), 178-[ 2.4 .6,7-3H(N)]-estradiol (SA 107 Cilmmol), and [ 11 Pmeth~xy-~Hlmoxestrol (SA 75.1 Cilmmol) were obtained from New England Nuclear (Boston, MA). Unlabeled steroids, 178-estradiol. diethylstilbestrool (DES), Sa-dihydrotestosterone (DHT), progesterone, and corticosterone were purchased from Sigma (St. Louis, MO). Unlabeled MIE2 was synthesized as previously described (Zielinski et al., 1986) . Autoradiographic film (H~perfilm-~H) and 3H reference standards ([ 3H]-Microscales) were purchased from Amersham Canada (Oakville, Ontario, Canada).
Animals. Wistar-derived rats (Charles River Breeding Laboratories; N. Wilmington, MA) were used for all assay validations and for the studies of regional ER occupation. The animals were group-housed in plastic cages with rodent chow (Ralston-Purina) and water available ad libitum. A 12 hr:12 hr 1ight:dack cycle was maintained with lights on from 0800-1600 hr. Gonadectomies were performed, where necessary, under methoxyflurane anesthesia 3-7 days before the experiments. Vaginal smears were taken daily between 1000-1200 hr from the intact female rats: only animals showing at least two consecutive 4-day estrous cycles were used for the experiments.
To saturate the ER system in vivo, animals were injected via the jugular vein with 36 pg/kg estradiol dissolved in 200 11 propylene glyco1:saline vehicle under methoxyflurane anesthesia 1 hr before sacrifice (Clark et al., 1982b) .
Tissue Preparation. All animals were sacrificed by decapitation. Brains were quickly removed from the cranial vault, frozen onto cryostat chucks, and stored in air-tight containers at -80°C. Under these conditions estrogen binding remains stable for at least 12 months. The brains were transferred to a Reichert HistoSTAT cryostat (Scientific Instruments; Buffalo, NY) maintained at -20°C and allowed to equilibrate for 30 min before sectioning. Serial coronal sections (20 pm) were cut through the pre-optic area and mediobasal hypothalamus, thaw-mounted on poly-t-lysine-coated slides, and rapidly refrozen. During sectioning it is vitally important that the sections not be allowed to warm up while they are still hydrated, since this could potentially allow dissociation of bound estrogen-receptor complexes, as well as receptor degradation. Therefore. thaw-mounting is carried out by warming the back of the slide using finger contact until the section just melts, then immediately refreezing on a cold metal platform at -2O'C. All slides were stored desiccated at -8O'C until assayed.
Standard Exchange Assay Procedure. The slides were transferred from the freezer to a 4°C cold room and allowed to equilibrate in a vacuum desiccator. The slides were then laid flat across wooden applicator sticks arranged in rows in a shallow tissue culture tray lined with wet paper toweling. Each section was covered with 100 p1 of incubation buffer (3 mM MgC12, 1 mM KH2Po4, 0.32 M sucrose, 1 mM dithiothreitol, 0.5 mM bacitracin, pH 6.8) containing labeled steroid (I '251]-MIE2, except where otherwise indicated) at a final concentration of 2 nM. Control sections, used in assessing nonspecific binding, contained 1 diethylstilbestrol (DES) in addition to the labeled steroid. In some experiments, indicated below, the incubation buffer also contained the protease inhibitors phenyl methyl sulfonyl fluoride (PMSF 1 mM) and leupeptin (10 pglml), to study the effects of incorporating additional protease inhibitors. When all sections were covered with buffer, the tray was closed and transferred to a humidified incubator (National Appliance; Portland, OR), pre-heated to 37'C. The sections were allowed to incubate at this temperature for 2 hr and then were returned to the cold room. All subsequent procedures were performed at 4°C.
Aliquots of incubation buffer ( 5 p1) were collected from the samples to check the final concentration of free ligand. The buffer was then drained off the slides. The slides were loaded into a slide rack and rinsed in cold, circulating PM buffer (3 mM MgC12, 1 mM KH2P04. pH 6.8) for 5 min, then post-fixed with 4% paraformaldehyde in 0.1 M phosphate buffer for 5 min. After fixation, sections were washed three times for 5 min in cold, circulating PMTX buffer (3 mM MgC12, 1 mM KH2P04, 0.1% Triton X-100. pH 6.8) to remove unbound steroid, then rinsed twice in cold PM buffer for 5 min, dipped in double-distilled water, and fan-dried overnight.
When dry, the sections were allowed to equilibrate to room temperature and then placed against Hyperfilm. Exposure times ranged from 4 hr (1251-labeled steroids) to 3 months ('H-labeled steroids). After exposure, the autoradiographic images were analyzed by computer-assisted densitometry (Imaging Research; St Catharines, Ontario, Canda). A standard curve relating optical density to known amounts of bound [1251]-MIE2 was constructed as described previously (Brown et al., 1988) and was used to determine the amount ofligand bound in various brain regions. Specific binding was determined by subtracting nonspecific binding (i.e., tissue background labeling) from the total value. Results are expressed as fmollmg protein.
Time Course of Ligand Association and Dissociation. To examine the kinetics of M E 2 binding, sections were incubated with [1251]-MIE2 at either 4'C or 37°C in the presence or absence of unlabeled DES. At various times after the start of the incubations, slides were withdrawn and subjected to the routine washing procedure indicated above. Autoradiographic images were analyzed densitometrically and specific binding was calculated as the difference between the results in the presence and absence of DES. Saturation Binding Analysis. Serial coronal sections through the mediobasal hypothalamus and pre-optic area were incubated at 37°C with a range of concentrations of [ I2'I]-MIE2. Control incubates also contained unlabeled DES. After washing and autoradiographic exposure, the autoradiographic images were analyzed densitometrically as described above. ty of the tissue section binding reaction, serial sections through the mediobasal hypothalamus of an estrogentreated rat were incubated at 37°C with 2 nM [1251]-MIE2 in the presence and absence ofa range of unlabeled compounds (estradiol, DES, corticosterone, progesterone and testosterone, added to final concentrations ranging from to 10" M). After washing, the slides were exposed to Hyperfilm for 24 hr.
Comparison of In Vivo and In Vitro Estrogen Uptake Patterns. Two groups of age-matched immature female rats (25 days old; day of birth = 0 ) were ovariectomized under methoxyflurane anesthesia. Four days after ovariectomy, animals in one group were injected with a saturating dose (2 pglkg bw) of [1251]-MIE2 (SA diluted to 157 Cilmmol with unlabeled MIE2) via the external jugular vein in a 1:1 propylene glycol-saline vehicle. Previous studies have established that this dose is sufficient to saturate nuclear estrogen binding sites in 25-day-old rats (Brawn et al., 1988) . Animals in the other group were injected IV with a saturating dose of estradiol (36 pglkg bw). One hour after injection, animals were sacrificed, and their brains were removed and rapidly frozen. Coronal sections (20 pm) were cut through the hypothalamus and pre-optic area, thaw-mounted onto glass slides, air-dried, and placed against sheets of Hyperfilm for 8 days. The effective specific activity ofthe diluted [1251]-MIE2 was determined by comparing the estrogen-binding capacity of rat uterine cytosol measured with this compound to that measured simultaneously with ['H]-estradiol (Brown et al., 1988) .
Reproducibility of the In Vitro Labeling Reaction. To test the reproducibility of the in vitro labeling reaction, sequential sections through the mediobasal hypothalamus of six estrogen-treated female rats were subjected to in vitro exchange autoradiography with [1251]-ME2. Optical density readings were taken in the medial arcuate nucleus (as an example of a fairly homogeneous, moderately labeled structure) from four closely-spaced sections from each animal and were converted to fmol/mg protein by reference to standard sections. From these readings, mean coefficients of variation (CVs) were calculated for the animal-to-animal ("interanimal") and section-to-section ("intersection") components of variance.
Specificity. To establish the spec
Occupation of ER in Cycling Female Rats. Intact, adult female rats (65 days old) exhibiting regular 4-day estrous cycles were sacrificed on the morning of either metestrus or proestrus. Trunk blood was collected for measurement of circulating estradiol levels. Cryostat sections (20 pm) through the brain were incubated with 2 nM [12sI]-ME2 at 37°C for 2 hr. Control sections were taken from the brains of ovariectomized ( O m ) rats. After washing, the slides were exposed to Hyperfilm for 24-48 hr.
Additional Methods. Measurements of circulating estradiol levels were performed by RIA after diethyl ether extraction ofthe serum samples, using kits supplied by Diagnostic Products Corporation (Mississauga, Ontario, Canada) as previously described (Brown et al., 1990b) . The limit of sensitivity of this assay is 1 pg estradiolltube. All samples were studied in the same assay, with an intra-assay coefficient of variance of 10%. Statistical analysis of data was performed by analysis of variance, using Statgraphics IV (STSC; Rockville, MD).
Results

Kinetics of [lZJI]-2wE, Binding in Brain Tissue Sections
Incubation of sections from the brains of OVX female rats with [ 1251]-MIE2 at 4°C for up to 16 hr resulted in no detectable specific labeling. Similarly, no specific labeling was observed with sections from animals injected 1 hr before sacrifice with a saturating dose (36 wglkg) of E2 when the sections were incubated at 4°C (data not shown). However, when sections from either OVX or OVX-El-injected rats were incubated at 37"C, specific labeling was observed ( Figure I ), distributed in a pattern resembling that previously reported for in vivo estrogen uptake in the rat brain (Brown et al., 1988; Stumpf and Sar, 1978) . Specific binding of [ 1Z51]-MIE2 was much stronger in the case of the Ez-injected animals (Figures 1A and ID) than in OVX animals (Figures 1B and 1E) and was completely abolished by co-incubation with excess unlabeled DES ( Figures 1C and IF) . The time course of labeling for the medial pre-optic area at 37°C is shown in Figure 2 . Specific binding in all regions increased rapidly over the first 60 min, reaching a plateau by 2 hr. Addition of leupeptin and PMSF to the incubation buffer did not result in any increase in [ 1251]-MIE2 labeling (data not shown), and these protease inhibitors were therefore omitted in subsequent experiments.
S'ec$city of In Vitro [lZJI]-2wEz Labeling
Sections from an Ez-injected rat were incubated with [ 1251]-MIE2
in the presence and absence of various unlabeled competitors, added to final concentrations of to M. Binding in the presence of the competitors was assessed by quantitative autoradiography and was expressed as a percentage ofthat observed in control sections incubated with [1251]-MIE2 alone. Results are shown in Figure 3 . Estradiol and DES both strongly inhibited binding of [ 1z51]-MIEz at all three concentrations studied. None of the other compounds significantly inhibited binding of the labeled steroid to the sections.
Afinity of [12JI]-MIEz for Tissue Section Binding Sites
Serial sections through the pre-optic area and mediobasal hypothalamus were incubated at 37°C with a range of [1251]-MIEz concentrations, then washed and exposed against film. Binding of the isotope in the ventrolateral ventromedial nucleus and preiventricular pre-optic area was measured densitometrically at each steroid con-n Figure 1. Localization of [1251]-MIE2 uptake in tissue sections from the brains of OVX rats. Cryostat sections (20 pm) through (A.B,C) the pre-optic area and (D.E.F) mediobasal hypothalamus were incubated with [1251]-MIE2 and then washed to remove low-affinity bound radioactivity as described in the text. Sections were exposed against Hyperfilm to generate the autoradiographs shown. In sections from animals injected with unlabeled E2 1 hr before sacrifice (A,D), dense accumulations of silver grains are apparent over the periventricular and medial pre-opticarea, the bed nucleusof the stria terminalis, and arcuate nucleus, the ventrolateral ventromedial nucleus, and the cortical and medial nuclei of the amygdala. Labeling in OVX animals that did not receive estrogen before sacrifice is much weaker (B,E). (C,F) Autoradiographs from sections adjacent to those shown in A and D, incubated with [1251]-MIE2: in the presence of excess unlabeled diethlystilbestrol (DES). Note the absence of regional concentration of radioactivity in these autoradiographs. I A Non-specific1
In Vitro vs In Vivo Labeling Characteristics
The preceding data suggested that ER could be successfully labeled in tissue sections by in vitro incubation with radioactive estrogen. Binding sites detected by this procedure exhibited high affinity and ligand specificity and were distributed in a pattern consistent with previous reports of the distribution of ER in the brain. The facts that no specific labeling was observed at 4°C and that very little labeling was detected even at 37% in sections from OVX females without estrogen treatment (Figure 1) were consistent with the view that the method was selectively measuring occupied nucleus-bound ER (the rationale for this conclusion is presented in more detail in the Discussion). The next step was to determine the efficiency of labeling for the occupied receptors during the exchange incubation. In the past, a major problem associated with in vitro assays for occupied ER has been proteolytic degradation during the exchange incubation (MacLusky et al., 1990) . Although addition of leupeptin and PMSF conferred no protective effect on
[ 12rI]-MIE2 binding, suggesting that proteolysis was not a problem, the possibility remained of regional receptor degradation or partial elution of receptor complexes from the tissue sections that might distort results obtained with the in vitro procedure. To investigate this possibility, we compared the labeling patterns observed in the brains of 25-day-old female rats injected with 2 pg/kg [ '*'I]-MIEz (a dose we have previously established to be sufficient to maximally occupy the nuclear ER system in the 25-day-old rat brain) with those observed after in vitro label- in the 25-day-old rat brain. Animals were injected with saturating doses of either unlabeled E2 or [1sl]-MIE2 1 hr before sacrifice. Cryostat sections through the brains of the 11251]-MIEpinjected animals were exposed directly against H~perfilm-~H. Sections from the animals injected with unlabeled E2 were incubated in vitro with [1251]-MIE2, then exposed against film in a similar manner. Results from both sets of films were assessed by quantitative densitometry. Data represent the means f SEM of four observations in each case. WP, periventricular pre-optic area; mPO, medial pre-optic nucleus; BNST, bed nucleus of the stria terminalis; ARC, hypothalamic arcuate nucleus; VMN, hypothalamic ventromedial nucleus; AMYG, labeling Over the cortical and medial nuclei of the amygdala.
ing of sections taken from age-matched animals sacrificed 1 hr after injection of a saturating dose of unlabeled E2. Twenty-five-dayold rats were used for this study because, although the ER systems in the brain appear to be essentially mature by postnatal Day 25 (MacLusky et al., 1979) , the much smaller body weight of animals at this age allowed considerably smaller quantities of [ 1251]-MIE2 to be used for the in vivo part of the experiment than would have been the case with adults. Results for six regions of the brain with the highest overall concentrations of ER are presented in Figure  5 . Expressed in terms of fmollmg protein, the data obtained by densitometric analysis of the sections labeled in vivo by injection of [12SI]-MIE2 were indistinguishable from those obtained after in vitro exchange assay. (2-factor ANOVA, pX.05).
Reproducibility of the In Vitro Labeling Reaction
The data from the preceding experiments suggested that the in vitro labeling procedure was highly reproducible. Thus, the variances of the measurements taken from in vitro-labeled sections were similar to or better than those for the in vivo-labeled autoradiographs. These variance estimates, however, included contributions from several different components, including animal-to-animal variations in receptor density as well as in circulating estrogen levels, in addition to the inherent variability of the assay procedure. To obtain more objective estimates of the reproducibility of the assay method itself, therefore, an additional experiment was performed.
Six intact female rats were treated with estradiol (36 pglkg) 1 hr before sacrifice. Sequential 20-pm sections through the mediobasal hypothalamus of each animal were subjected to in vitro exchange autoradiography with [ 1251]-MIE2. Optical density readings were taken in the medial arcuate nucleus of four sections from each animal and were converted to fmollmg protein by reference to standard sections. From these readings, "intersection" and "interanimal" coefficients of variation (CVs) were calculated. mean intersection CVs, reflecting the degree of variability between sections from the same animals, were relatively low for total (7%), nonspecific (4%) and specific (7%) binding. By comparison, much larger variances were observed between animals (CVs 2596, 21%, and 28% for total, nonspecific, and specific binding, respectively).
Comparison of [l2JI]-MIEz with Other Labeled Estrogens
As a final methodological control, we compared the in vitro binding distribution of [ 12SI]-MIE2 with that for other labeled estrogens. Sections from Ez-injected adult rats were incubated with ei-
[3H]-moxestrol (llpmethoxy, 17a-ethynyl estradiol) for 2 hr at 37"C, washed, dried, and then exposed to film for either 4-24 hr ([ 1251]-ligands) or 2-3 months ([3H]-ligands). Results with 16a& were poor. Although some specific labeling could be detected after short exposure times (4 hr), levels of nonspecific binding were excessive despite the extensive washing procedure to which the sections had been subjected. In particular, very strong nonspecific labeling of white matter was observed ( Figure 6 ). We considered the possibility that this might have been due to impurities in the particular batch of isotope used in this assay, and therefore re-ran the experiment using material synthesized in our own facilities, purified by HPLC as previously described (Zielinski et al., 1986) . Similar results were obtained (data not shown Figures 1A and ID) . Nonspecific binding was still apparent, but this was relatively low in comparison with that observed in ER-rich structures within the diencephalon and amygdala. Results with [3H]-moxestrol were excellent, with almost no nonspecific binding at all. Specific labeling in different brain regions was identical with [3H]-E2 and [3H]-moxestrol (Figure 7) , following the same distribution pattern as with [1251]-MIE2 (Figures 1 and 5 ). Figure 8 shows autoradiographs prepared from sections through * Figure 6 . Sections through the mediobasal hypothalamus of a rat injected 1 hr before sacrifice with unlabeled E2, then incubated in vitro with either (B,D) (1251]-MIE2 or (AC) 16alE2. Autoradiographs were exposed against Hyperfilm for either 4 hr (A,B) or 24 hr (C,D) . For comparison purposes, the left and right halves of adjacent sections incubated with the two isotopes are mounted side by side. Note the very high nonspecific binding with 16alE2, which almost completely obscures the specific labeling visible in the arcuate and ventromedial nuclei. the pre-optic area of cycling female rats at the proestrous and metestrous stages of the estrous cycle after exchange labeling with [1251]-MIE2, in comparison with the pattern observed in the same region of the brain of an OVX rat. Whereas the intensity of labeling in both the metestrous and O W brains was relatively weak, much stronger labeling was observed in the proestrous animal, particularly in the pre-optic area and in the ventrolaterallventromedial and arcuate nuclei. The increase in ER-labeling intensity at proestrow is consistent with the differences in circulating estradiol Ievels measured in these animals (OVX <2 pglml. metestrus <2 pglml, proestrus 26 pglml).
Physiological I/ariations in Occupied ER in the Female Rat Brain
Discussion
For almost 25 years autoradiography has remained one of the most valuable methods for the study of steroid receptor distribution in the central nervous system. With only limited exceptions (Sarrieau et al., 1986a.b; Vann et al., 1986; Sarrieau et al., 1984) , however, use of autoradiography for this purpose has been constrained by the necessity to label the receptors in vivo, by injection of isotopetagged steroid (Stumpf and Duncan, 1990) . This not only requires large amounts of radioisotope but also greatly complicates attempts to relate patterns of receptor labeling to physiological events. Under physiological conditions of steroid secretion, the effective specific activity of the labeled ligand in different regions of the brain remains unknown. Changes in regional receptor labeling may therefore reflect either alterations in receptor levels, dilution of the labeled steroid by endogenous hormone(s), or both. Therefore, in the past, autoradiography for gonadal steroids could be used only quantitatively after gonadectomy, or under conditions of negligible endogenous gonadal hormone secretion. The recent introduction of antibodies against steroid receptors has provided a valuable new tool with which to study the distribution and properties of steroid target cells, but has not resolved the problem of receptor quantitation because, in addition to species-specificity problems with some antibodies, the possibility has emerged of alterations in the antigenicity of the receptor after interaction with the steroid (Brown et al., 1990a; DonCarlos et al., 1989; Lorenza et al., 1988; Cintra et al., 1986) .
In vitro autoradiography has been widely used for study of hormone and neurotransmitter binding in the brain (Kuhar et al., 1986) . Since labeling of the receptors is achieved by incubation of tissue sections with the labeled ligands, the problems associated with in vivo autoradiography are circumvented. Previous attempts to adapt this methodology for use with steroids have, however, given mixed results: although successes have been reported with corticosteroids (Sarrieau et al., 1986a,b; Sarrieau et al., 1984) . workable procedures for use with the gonadal steroids have remained lacking. A preliminary study based on in vitro incubation of brain sections with radiolabeled estrogens has nevertheless indicated the feasibility of this approach (Vann et al., 1986) .
The method described here for in vitro ER labeling differs in one important respect from previously reported in vitro autoradiographic techniques, in that it was designed from the outset to be selective for receptors occupied in vivo by exposure to endogenous ligand. By analogy to the conditions we have previously described for exchange assay of ER in crude cell nuclear fractions from frozen brain tissue (Brown et al., 1988) , we reasoned that unoccupied recep-tors in thin cryostat tissue sections should be loosely associated with the cell nucleus (MacLusky et al., 1990) and therefore might easily wash out of the sections after rehydration in cold hypotonic buffer. In preliminary attempts to label brain sections with [ 1251]-MIE2 we did in fact incorporate a buffer pre-wash to eliminate unoccupied ER before incubation with the labeled steroid. However, this prewash step does not appear to be necessary, since even without preincubation very little specific labeling is observed in tissue sections from OVX rats incubated with [1251]-MIE2, despite the fact that high concentrations of unoccupied ER are retained in the brain after ovariectomy (Clark et al., 1981) . The presence ofweak ER labeling in sections from OVX rats is consistent with previous reports of retention of low concentrations of unoccupied ER in brain cell nuclei after subcellular fractionation (Clark et al., 1982a) . The alternative hypothesis, that low-level ER occupation might persist in OVX rats as a result of adrenal steroid production, seems unlikely because the labeling observed in OVX rats is not further reduced by adrenalectomy (Brown, unpublished observations). The view that the increase in binding observed in estrogen-exposed animals primarily represents occupied ER is further substantiated by the observation that no labeling is observed in sections from such animals after incubation at 4°C. At this temperature, only unoccupied ER bind to the labeled ligand, as a result of the slow rate of dissociation of estrogen-receptor complexes in the cold. Tightly bound occupied ER behave differently: they are retained in the sections, presumably tightly bound to the chromatin (Clark et al., 1982a,b; Martin and Sheridan, 1982) where they can only be exchange-labeled by incubation at higher temperatures.
The temperature used for the exchange incubation (37°C) on sections is high compared with that used for some previous biochemical ER exchange assay methods based on labeling of washed cell nuclei or high-salt cell nuclear extracts (Brown et al., 1988; Clark and Peck, 1979; Roy and McEwen, 1977) . These previous methods have more typically used incubation temperatures of 25-30°C, higher temperatures in fact resulting in some receptor degradation (Clark and Peck, 1979; Roy and McEwen, 1977) . In tissue sections, however, there appears to be negligible proteolytic ER degradation at 37°C for up to 2 hr. Since exchange labeling is achieved more rapidly at this temperature, use of 37°C is preferable so long as receptor losses do not occur. Although we have not characterized conditions for ER exchange in tissue sections at temperatures below 37"C, it seems likely from previous work (Roy and McEwen, 1977) that it should be possible to use more extended incubation periods at lower temperatures if a 37°C incubator is not available.
The data obtained in 25-day-old animals suggest that the in vitro autoradiographic method provides a quantitative measure of nuclear-bound estrogen-receptor complexes. Densitometry on the sections from animals injected in vivo with a saturating dose of [ 1251]-MIE2 revealed a level of specific binding indistinguishable from that observed after in vitro labeling of sections from animals injected 1 hr before sacrifice with a saturating dose of non-radioactive estradiol ( Figure 5 ). Additional support for the view that the in vitro procedure does indeed selectively label estrogen receptors in the tissue sections is provided by the binding isotherm ( Figure 4 ) and steroid competition (Figure 3 ) studies, which indicate that the labeled estrogen binds to a single class of high-affinity, estrogenspecific binding sites in brain tissue sections.
The excellent agreement between the results obtained after in vivo vs in vitro labeling of the 25-day-old rat brain ( Figure 5 ) also suggests that losses of occupied ER during cryostat sectioning are negligible. We have previously reported that nuclear bound and cytosolic ER are essentially quantitatively recovered after frozen storage of brain tissue (MacLusky et al., 1986) . Thus, although some classes of steroid receptor (e.g., androgen and progestin) may be lost during freezing and thawing unless a cryopreservative, such as DMSO, is used to minimize tissue damage (MacLusky et al., 1986 ), there appears to be no requirement for cryopreservation of the tissues for ER in vitro autoradiography. Nevertheless, under some circumstances it is conceivable that use of a cryopreservative might be advantageous (e.g., to combine the present procedure with microdissection studies for measurement of receptors for other steroids). DMSO itself can interfere with ER binding (Brown et al., 1988; Rainbow et al., 1982; and unpublished observations) ; but this problem can be obviated by the simple expedient of pre-washing the sections with a large volume of cold incubation buffer before the ER exchange reaction (Galewicz-Sojecka and MacLusky, unpublished observations) .
Extensive washing of the sections after labeling is crucial for the success of the method, to remove as much as possible of the free and nonspecifically bound estrogen. The present technique includes several steps that were arrived at in preliminary methodological studies not detailed here. Incubation is performed in a medium that is basically similar to the buffers utilized by Roy and McEwen (1977) for purification of brain cell nuclei before ER exchange assay. The initial wash immediately before the paraformaldehyde fixation step removes the majority of unbound steroid from the sections. Paraformaldehyde fmtion improves the mechanical stability of the sections throughout the subsequent washing procedures, and also appears to significantly reduce nonspecific binding. Previous in vivo autoradiographic studies have successfully utilized perfusion of brain tissue with paraformaldehyde-containing fixatives (Morrell and Pfaff, 1983 ), suggesting that mild tissue fixation does not disrupt binding of estrogen to its receptors. Our observations are consistent with this view: omission of the paraformaldehyde fixation step has no significant effect on specific labeling in the tissue sections but leaves the sections more prone to mechanical damage. The PME and PM buffer washes remove the great majority of residual nonspecifically labeled steroid; the final double rinse in distilled water is necessary to eliminate residual traces of buffer salts which otherwise produce chemography in contact with the uncoated film used for the autoradiographic exposure.
Although the majority of the present studies have used [ 12'1]-MIEz synthesized in our own facilities, it is clearly not necessary to use this particular ligand to obtain data with the in vitro autoradiographic technique. Thus, [ 3H]-esuadiol and [ 3HJ-moxestrol both give good results, albeit after a 3-month exposure as opposed to the 1-day exposure required with [ 12'I]-MIE2. Non-photographic image-enhancement techniques Kuhar et al., 1991) may provide a valuable adjunct to studies with 3H-labeled ligands to achieve shorter exposure times. Results with the commercially available iba-[ '2'I]-iodo-estradiol, by contrast, were not satisfactory. The background obtained with this isotope was unacceptably high, particularly with respect to labeling of white matter in the brain, a problem that has been reported previously for in vivo studies with this steroid (Stumpf et al., 1987) . The decreased nonspecific binding observed with MIE2 may result from the presence of the llkmethoxy group in this ligand, since moxestrol, another Ilpmethoxy-substituted steroid, also shows reduced nonspecific binding compared with estradiol itself (Figure 7) . Previous studies have demonstrated that addition of an llbmethoxy substituent to the estrogen molecule inhibits further metabolism and reduces binding to serum proteins (Zielinski et al., 1986; Salmon et al., 1979; Raynaud et al., 1978) . but it is unclear how such effects might reduce nonspecific adsorption to brain tissue.
With respect to the film base used for detection of the autoradiographic images, although a variety of different films can be used successfully with lZ51-labeled compounds, throughout these and our previous in vivo (Brown et al., 1988 (Brown et al., ,1991 Madusky et al., 1990 ) studies, we have preferred to use uncoated sheet films such as LKB Ultrofilm or Amersham HyperfihdH, for several reasons. Direct comparisons are possible between 3H-and 1251-labeled ligands. Although X-ray film can be used for detection of lZ5I, the resolution of the images is lower than that obtained with uncoated film. Still higher resolutions can be achieved using coverslips or slides coated with nuclear tracking emulsions such as Kodak "-3, but the exposure times required to obtain useful images are approximately three to five times as long as with Hyperfilm.
The ability to selectively label occupied ER in tissue sections suggests that it should be possible, using in vitro autoradiography, to circumvent the problems of sensitivity and regional specificity associated with previous biochemical ER exchange methods. Whereas these previous methods relied on technically demanding and arduous microdissection procedures to achieve sufficient anatomic resolution, the present methodology involves only the preparation of cryostat sections and a fairly simple incubation and wash procedure. The definition of autoradiographs prepared from the slides is limited only by the resolution of the photographic film, and therefore is considerably higher than anything that might be achieved through microdissection. Although the methodological validation studies reported here were all based on work with rats, preliminary work in our laboratory suggests that the method should be equally applicable to other vertebrate species: similar results have been obtained using brain tissue samples from mice, guinea pigs, and rhesus monkeys (Walters, Brown and Machsky, unpublished observations) . The sensitivity of the method is also clearly sufficient to allow detection of changes in ER occupation within the physiological range. As shown in Figure 8 , the proestrous surge in circulating estradiol levels is associated with increased autoradiographic labeling intensity in the brain. Moreover, in contrast to previous biochemical methods that required pooling of several animals, the present method is clearly sensitive enough to allow regional characterization of the binding sites by saturation analysis in individual tissue samples: the isotherms presented in Figure 4 were each obtained by analysis of serial sections from a single rat.
The one caveat associated with previous biochemical assays that must still be considered with in vitro autoradiography is that binding cannot automatically be taken as evidence of ER occupation unless appropriate methodological controls are performed. With all in vitro ER exchange assays, whether based on use of tissue sections or of purified cell nuclei, the possible retention of a low level of unoccupied ER complicates interpretation of the data. Although the present results demonstrate a marked increase in [ 12SI]-MIE2 labeling after estrogen injection, it may be difficult under physiological circumstances to distinguish between low levels of ER occupation and residual unoccupied binding sites unless control sections from estrogen-free tissues are included alongside experimental samples. Use of differential high-and low-temperature incubation conditions may also be useful in clearly distinguishing occupied receptor sites (Clark et al., 1982a,b) .
In conclusion, the data presented here suggest that quantitative determination of the concentrations of occupied ER present in different regions of the brain can be achieved by means of in vitro exchange labeling in tissue sections. Coupled with use of a high-specific-activity 1251-labeled ligand, this method provides the means to obtain information about the regional distribution of occupied ER in the brain with unparalleled precision, speed, and simplicity, The availability of such methodology should provide a valuable new tool with which to approach the question of the relationship between the effects of physiological and pharmacological factors on regional ER occupation and the actions of estrogen in terms of behavioral or neuroendocrine responses. In combination with immunocytochemical and in situ hybridization techniques for detection of ER protein and ER "A, respectively, it now appears at least theoretically possible to ask detailed questions about the regional control of estrogen receptor biosynthesis and degradation in the brain in relation to different physiological states.
